Abstract. Eight tomato (Lycopersicon esculentum Mill.) genotypes were evaluated based on shoot dry weight for resistance to four isolates of Verticillium dahliae Kleb. race 2 in two greenhouse seedling experiments. The race 2 isolates, obtained from North Carolina, Brazil, and Spain, demonstrated no differences in pathogenicity on the eight lines tested, thus precluding the identification of a third V. dahliae race in this collection. However, highly significant differences in virulence were observed among the isolates. The Brazilian isolate was the most virulent. No tomato genotype showed resistance comparable to that conferred by the single dominant Ve gene to V. dahliae race 1. While all tomato lines were susceptible to all race 2 isolates tested, there were significant differences in susceptibility equal to differences in levels of resistance. IRAT L3, Morden Lac, Okitsu Sozai, and 'UC82' significantly outperformed the lowest ranking line XXIV-a. 'Earlypak 7', Morden Mel, and Philippine 2 performance was statistically indistinguishable from that of either the highest-or lowest-ranked lines. Genetic diversity in the host and pathogen and environmental conditions favoring the pathogen likely contributed to the genotype x isolate interactions observed in Expt. 1. These results suggest using diverse isolates when screening for improved race 2 resistance.
overcome resistance conferred by the Ve gene, since have been identified around the world (Bender and Shoemaker, 1984) , most recently in Australia (O'Brien and Hutton, 1981) , Brazil (Laterrot et al., 1983) , Morocco (Besri et al., 1984) , Florida (Jones and Overman, 1985) , South Africa (Ferreira et al., 1990) , and Crete (Ligoxigakis and Vakalounakis, 1992) . In California, race 2 has reduced tomato yields by as much as 25% (Grogan et al., 1979) . North Carolina race 2 isolates decreased yields 10% to 30% (Bender and Shoemaker, 1984) . Because of the persistence of Verticillium microsclerotia in the soil, methods other than complete soil sterilization fail to control the pathogen completely (Pegg, 1974; Talboys, 1984) . Durable genetic resistance to race 2, therefore, is particularly desirable as a control method.
Previous researchers, using one or two race 2 isolates, have identified tomato genotypes that demonstrated potentially useful levels of resistance against those particular pathogen isolates (Laterrot, 1984; Gardner, 1982a, 1982b) . In the present study, eight tomato genotypes were evaluated for their resistance to four geographically diverse V. dahliae race 2 isolates. The relative virulence of these isolates on the tomato lines also was assessed. Finally, this study considered whether significant genotype × isolate interactions could be detected in this collection of tomato lines and race 2 isolates.
Six of the tomato genotypes-Morden Mel, Morden Lac, IRAT L3, Okitsu Sozai, Philippine 2, and XXIV-a-were chosen for evaluation based on previous reports of their resistance to V. dahliae race 2 (Laterrot, 1984 , Okie and Gardner, 1982a , 1982b . Two California cultivars-Earlypak 7, reported to be race 2-susceptible (Grogan et al., 1979) , and UC82-were included for comparison. Tomato seeds were sown in steam-pasteurized UC soil mix. (Baker, 1957) in 4-liter pots and grown in a greenhouse in Davis, Calif., to the fully expanded cotyledon stage. Sowing dates were staggered to ensure that all seedlings were at the same morphological stage at inoculation. Chronological age at inoculation ranged from 9 to 12 days after sowing.
Four V. dahliae race 2 isolates originating from North Carolina (isolates 2-105 and 2-RG; Okie and Gardner, 1982b) , Brazil (isolate 2-BRAZIL; Laterrot et al., 1983) , and Spain (isolate 2-3-9; Laterrot et al., 1983) were used. Cultures were maintained in the dark on potato dextrose agar slants at 21C. Inoculum was prepared using 3-to 6-week-old cultures. Distilled water was added to each culture tube, which was then vortexed to facilitate spore release. Suspensions from three or more tubes were combined for each isolate, and the resulting slurry was sieved through a double layer of cheesecloth to remove mycelial fragments. Spore concentration was determined using a hemacytometer and adjusted to a final concentration of 1 × 10 6 spores/ml. This concentration was sufficient to cause symptoms consistently on the susceptible control, 'Earlypak 7'. Since preliminary experiments indicated that all of the isolates had >90% spore germination, adjusting the concentration further was deemed unnecessary. Before inoculation, groups of seedlings were removed from the pots and roots were rinsed free of adhering soil. Roots were trimmed with a razor blade to 0.5 cm long and suspended in 200 to 250 ml of inoculum for 10 min. Thirty plants each of the eight tomato genotypes were inoculated with one of each of the four isolates or distilled water as a control. Following inoculation, groups of six plants from each treatment were transplanted into five 4-liter pots filled with UC soil mix. Quarantine conditions were maintained during the experiments because isolates foreign to California were used. To prevent the escape of potentially infested soil or water from the pots during the experiment, the pots were contained within seamless, heavy-duty, plastic circular children's wading pools measuring 1.5 m in diameter. Pots were placed on raised wire mesh platforms 3 cm high in the pools to prevent possible cross-contamination of isolates. Pots were arranged in a randomized complete-block design with five blocks. Each pool was considered a block for statistical purposes; each contained one pot of each of the possible genotype-isolate combinations and one pot of a distilled-water control per genotype for a total of 40 pots per block. The entire. experiment was conducted twice: once in October (Expt. 1) and again in April (Expt. 2). Plants were maintained in the greenhouse ' under natural light. Days ranged from 20 to 27C (but tended to be cooler in Expt. 1 than Expt. 2) and nights ranged from 14 to 18C. Daylengths were 10 to 12 h for Expt. 1 and 12.5 to 14 h for Expt. 2. Plants were watered daily and fertilized biweekly with a soluble 15N-15P-18K fertilizer solution (Plantex; Plantco, Ont., Canada). Disease symptoms were evaluated twice weekly. Vascular discoloration in the roots and lower stems was not sufficiently pronounced in our experiments to be used as a criterion. Foliar symptoms were evident and used as an indication of disease. Initially, the criterion was cotyledon wilting and later criteria were wilting of the true leaves and the development of characteristic V-shaped chlorotic areas on the leaf blade as the disease progressed. Experiments ended when the number of new plants developing symptoms declined sharply, a point that generally coincided with the onset of flower bud development (≈6 weeks after inoculation). At this point, all plant shoots were harvested by cutting them above the cotyledonary node and evaluated further for disease symptoms.
Disease resistance and isolate virulence wereevaluated based on plant shoot dry weight reduction as a measure of stunting symptoms caused by the pathogen. Shoot dry weights were averaged for each pot. Because of inherent size differences among the tomato genotypes, direct dry-weight comparisons among them were impossible. Stunting, therefore, was computed as relative dry weight (RDW), expressed as a ratio between the average dry weight of isolate-inoculated plants within a pot and the average dry weight of the waterinoculated control plants for that genotype. The calculated RDW values were the standard unit used for subsequent statistical analyses.
RDW values were transformed logarithmically (natural log, 1n) to equalize variances before analysis of variance, because the variances were proportional to the squares of the treatment means. A mixed-effects model (genotype, isolate, experiment date = fixed; block = random) (BMDP Statistical Software, Los Angeles) was used for the analysis to avoid pseudoreplication. Tukey's LSD procedure was used to separate mean RDW values (Steel and Torrie, 1980) . Inoculated plants frequently were stunted and, in extreme cases, plants died. Vascular discoloration generally was not pronounced. Withal1 genotype-isolate combinations, some plants took several weeks to develop foliar symptoms and some did not develop symptoms at all. All control plants remained symptomless during both experiments, and attempts to isolate the pathogen from randomly selected control plants were negative. Verticillium was reisolated from all symptomatic inoculated plants that were sampled and frequently was found in inoculated, asymptomatic plants as well. In general, more plants displayed more severe symptoms under the cooler conditions of Expt. 1 than Expt. 2.
All four race 2 isolates induced symptoms in all eight tomato genotypes. Because there were no differences in pathogenicity in the genotypes tested, the identification of a third race of V. dahliae in this collection of isolates was precluded. Analysis of variance using a mixed-effects model of the transformed RDW values performed on the combined data indicated significant experiment interactions with each of the other main effects, isolate, and tomato genotype (i.e., significant experiment x isolate, experiment x genotype, and experiment x genotype x isolate interactions; data not shown). Therefore, all subsequent analyses were performed separately for each experiment (Table 1) . Significant genotype and isolate main effects were observed in both experiments. A significant genotype x isolate interaction was observed in Expt. 1, but not in Expt.
2.
While there were no differences in pathogenicity, there were significant differences in virulence among the race 2 isolates we used ( Table 2 ). The least virulent isolates, 2-105 and 2-3-9, caused light stunting on all eight tomato genotypes. 2-RG virulence was intermediate, whereas 2-BRAZIL was highly virulent on most genotypes tested, causing severe stunting and frequently resulting in the death of young plants. The difference in the isolate virulence may be one reason why tomato genotypes that seem disease resistant in one study may perform poorly in another study when different isolates are used-reported host plant resistance is relative to the virulence of the isolates used to test for that resistance.
No tomato genotype demonstrated resistance to any of the race 2 isolates comparable to that conferred by the Ve gene against race 1. Nevertheless, there were detectable differences in susceptibility, as measured by RDW of inoculated genotypes (Tables 3 and 4) . We considered the significant differences in susceptibility equivalent to differences in genotype resistance to race 2 isolates. Experiment 2 lacked a significant genotype × isolate interaction; thus, genotype performance was averaged over all four isolates (Table 4) . IRAT L3, Morden Lac, Okitsu Sozai, and 'UC82' significantly outperformed the lowest ranking genotype, XXIV-a. The performance of 'Earlypak 7', Morden Mel, and Philippino 2 was not significantly different from either the highest-ranked genotypes or the lowest-ranked XXIV-a. Overall, the previously reported resistant genotypes did not demonstrate race 2 resistance significantly greater than that of the susceptible California cultivars Earlypak 7 and UC82.
The significant genotype × isolate interaction observed in Expt. 1 indicated a failure of all tomato genotypes to show the same response pattern to the four race 2 isolates; therefore, it was impossible to designate a most-resistant tomato genotype in this study (Table 3) . Only Philippino 2 behaved consistently, performing significantly worse than most other genotypes, regardless of isolate. The ranking of the remaining tomato genotypes depended on the race 2 isolate used. For specific isolates, our results agreed with those of previous researchers. Morden Mel, identified by Okie and Gardner (1982b) as the most resistant genotype in evaluations with North Carolina isolates, performed exceedingly well in our experiments after being inoculated with either of the isolates originating from North Carolina, 2-RG and 2-105. IRAT L3, identified by Laterrot (1984) as moderately resistant to the highly virulent Brazilian isolate, was similarly the best performer with that isolate in Table 3 for isolates and genotypes separately. our evaluations. However, these tomato genotypes did not perform as well when inoculated with the other isolates (Table 3) . Differences among genotypes in their response to various race 2 isolates were also observed by Rouamba et al. (1988) . However, they evaluated resistance based on the intensity of vascular discoloration of race 2-inoculated tomato genotypes; under the conditions of our study, vascular browning in the roots and lower stems was not sufficiently pronounced to be a useful disease evaluation criterion. The lower temperatures and shorter daylength of Expt. 1, which favored the pathogen, possibly were responsible for intensifying disease symptoms to the point that differences particular to specific genotype × isolate combinations became detectable. In a study preliminary to their extensive screen for race 2 resistance, Okie and Gardner (1982b) did not detect a significant genotype x isolate interaction when they evaluated 12 tomato lines inoculated individually with seven V. dahliae race 2 isolates from North Carolina. Significant genotype × isolate interactions would be unlikely in evaluations in which the host genotypes were genetically related, a situation that is possible in breeding programs, or when isolates were genetically related, a situation that is possible when using isolates obtained from the same geographic area. However, when diverse host genotypes are infected by isolates diverse in origin, significant interactions, such as those detected in our experiments, might be encountered. One implication of the significant genotype × isolate interaction is that tomato genotypes screened to perform well against a particular isolate or group of isolates may perform poorly if grown in art environment containing isolates genetically dissimilar to those in the original screen. Based on our data, we suggest using diverse isolates when screening and breeding for improved race 2 resistance.
We originally chose dry weight as an objective measurement reflecting the potential for host plant damage that might result in yield loss. Grogan et al. (1979) used tomato plant dry weight to evaluate the virulence of V. dahliae isolates. On preliminary experiments indicated that, by measuring dry weight reduction, we would be able to distinguish between resistance and susceptibility, as imparted by the presence or absence of the Ve gene against race 1 (data not shown). In retrospect, however, this criterion may not have been sensitive enough to distinguish among different levels nor to distinguish discrete categories of host plant susceptibility to race 2. Differences in RDW of 40% or more were sometimes statistically indistinguishable in these experiments (Table 3) , perhaps due to environmental variation and random experimental error. For example, visual inspection of the plant symptoms indicated that IRAT L3 was more resistant to the highly virulent 2-BRAZIL isolate than Morden Lac, but mean separation of the dry weight values failed to detect a significant difference (Table 3) .
Stunting must be considered in the plant evaluation, however, because foliar symptoms do not always correlate with dry weight reduction. Foliar evaluation alone would have suggested that Philippine 2 was more resistant than the other seven genotypes because of the very subtle foliar symptoms exhibited (only slight wilting and necrosis, and failure to develop the typical V-shaped chlorotic patterns on leaves); but, in terms of dry weight reduction, its performance was consistently significantly worse than almost every other genotype in our experiments. Okie and Gardner (1982b) reported a similar reaction with Ottawa 112, which never developed chlorotic symptoms when inoculated with race 2, yet performed poorly in terms of wilting and necrosis. An evaluation that considers foliar and stunting symptoms may more accurately indicate potential host-plant resistance, especially since some combinations did not decrease in dry weight, despite foliar symptoms (e.g., 'UC82' with isolate 2-3-9 and Morden Mel with the two North Carolina isolates; Table 3 ).
Previous efforts by other researchers led to the identification of tomato genotypes that performed well against certain race 2 isolates, but the term resistance has been applied loosely. To date, no high level of resistance analogous to that conferred by the Ve gene against race 1 has been discovered for race 2. The genotypes screened for race 2 resistance did not fall into discrete categories of resistant and susceptible, rather within a continuous range of greater to lesser susceptibility. Some of these "moderately resistant" genotypes may prove useful in breeding programs, especially if high-level resistance remains elusive. In our experiments, however, there was a tendency for genotype performance to be isolate-specific. While greenhouse seedling evaluations for race 1 resistance conferred by the Ve gene accurately predict resistance in the field, whether the same holds true for the performance of the genotypes tested against race 2 in these experiments is unknown. Further study is needed to establish whether there is a link between plant stunting by V. dahliae race 2 and fruit yield in field trials. 
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